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ABSTRACT

Functional activities of monocyte-derived macrophages and
serum killing ability in a population of Brucella abortusnaive cows were evaluated.

The ability of these macrophages

to phagocytize and control intracellular survival of
B.abortus and to produce oxidant was measured.
Fresh normal bovine sera killed significantly more
B .abortus than reactor serum or fetal bovine serum.

When

heated to destroy complement, none of the sera were capable
of significant killing.

The ability of sera from B.abortus-

naive cows to kill the bacteria was normally distributed,
with all animals within + 2 sd of the mean.
Phagocytosis of bacteria opsonized with autologous or
reactor sera was significantly greater than phagocytosis of
bacteria opsonized with fetal bovine serum.

After

phagocytosis, bacteria opsonized with autologous, reactor,
or fetal bovine serum displayed no differences in their
ability to survive within macrophages.

The abilities of the

macrophages to phagocytize and to kill B.abortus were not
significantly correlated.

Phagocytosis and killing

activities of macrophages from individual cows were normally
distributed.
Oxidant production by monocyte-derived macrophages was
compared to that by neutrophils after stimulation with

phorbol myristate acetate, opsonized zymosan, or B.abortus
opsonized with autologous, reactor, or fetal bovine serum.
Neutrophils responded faster to all stimuli, and produced up
to 100 fold more oxidant than macrophages.
significantly more oxidant from
zymosan or opsonized B. abortus.

PMA stimulated

macrophages than opsonized
Macrophages and

neutrophils stimulated with opsonized zymosan, and reactor
serum-opsonized B. abortus had higher mean oxidant
production than cells exposed to the other stimuli,
suggesting receptor specific initiation of the respiratory
burst.

Four cows were identified as potential outliers

based on oxidant production greater than 2 sd from the mean.
There was no correlation between oxidant production and
intracellular survival of the bacteria.

OBJECTIVES

Before beginning studies on the innate resistance or
susceptibility of cattle to B. abortus infection, the
potentially important aspects of the host defense system
must be characterized in the experimental animals.

These

aspects have not yet been characterized for bovine monocytederived macrophages with B .abortus.

The overall objective

of this project is to characterize cell and serum defense
functions to Brucella abortus in a population of B.abortusnaive cows.

These studies will test the hypothesis that

bovine monocyte-derived macrophages respond to stimuli,
including Brucella abortus, the same as bovine neutrophils
and as reported for bovine mammary gland macrophages.
Specific objectives are:
1) To examine the killing activity of serum from a
population of B. abortus naive cows.
2) To conduct phagocytosis and intracellular survival assays
using B. abortus and monocyte-derived macrophages from the
same population of cows when the bacteria are opsonized with
specific antiserum, autologous sera, or fetal bovine serum.
3) To measure oxidant production by these monocyte-derived
macrophages and by neutrophils when exposed to the above
stimulants, as well as phorbol myristate acetate and
opsonized zymosan.
viii

4) To attempt to correlate results of monocyte-derived
macrophage function and actual killing of the bacteria.
5) To examine distribution of monocyte-derived macrophage
function in this population of cattle for the presence of
outlying cattle.

CHAPTER I

LITERATURE REVIEW

Introduction

Bovine brucellosis is caused by Brucella abortus. a gram
negative facultative intracellular pathogen.

The bacteria

gains access to the host's tissues through invasion of
mucosal membranes and then is able to survive in the cells
of the host's mononuclear phagocytic system.

The mechanisms

and virulence factors responsible for evasion of the host's
mononuclear phagocytic system are not well understood.

B.

abortus produces chronic infections in cattle consisting of
recurrent bacteremias which can lead to last trimester
abortions.

The intracellular survival of Brucella within

phagocytes allows for the chronic nature of the disease.
Brucellosis is a disease of economic importance to the
cattle industry not only because of calf losses, but also
because of state and federal regulations that control sales
and transport of infected cattle.
Establishment of infection depends on the number and
virulence of bacteria and relative resistance of the host,
i.e., the host's nonspecific and specific immune mechanisms.
1
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Age, sex and reproductive status of the cow also influence
infection.

Mature, female, pregnant cattle are most

susceptible.

Innate Resistance

A significant proportion of cattle (up to 30%) are
naturally resistant to challenge with B. abortus (Deyoe and
Dorsey, 1979; Garcia-Carrillo, 1980).

The defense

mechanisms responsible for this resistance are incompletely
understood.

Innate or natural disease resistance is the

inherent capacity of an animal to resist disease when
exposed to an infectious pathogen to which it has been
neither immunized nor previously exposed (Templeton and
Smith, 1988).

Although environmental factors such as stress

can play a role in an animal's ability to fight off
infection, a major component in resistance appears to be
heritable.

This innate resistance may involve any of

numerous aspects of host defense including receptors for the
pathogens and functions of phagocytic or natural killer
cells (Templeton and Smith, 1988; Mims, 1982).

Active

acquired immunity, such as antibody formation and T cell
activation are delayed responses and so do not play a role
in the primary infectious process.
Researchers theorize that cattle resistance to B.abortus
may involve several interacting genes and complex genetic
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types (Ho and Cheers,1982; Templeton and Smith, 1988). Genes
associated with natural resistance to certain microbes have
been identified in mice.

Ity. Lsh. and Beg genes in mice

confer resistance to the intracellular pathogens Salmonella
tvphimurium. Leishmania donovani. and Mycobacterium bovis
respectively.

The cellular expression of these resistant

genes is via the bacteriostatic effects of the macrophage
(Skamene and Gros, 1982).

Certain pigs are resistant to

epithelial invasion by the K88+ strain of Escherichia coli
because of an absence of the appropriate receptor for
attachment of the organism (Sellwood and Gibbons, 1975).
Macrophages from mice which are susceptible to Mycobacterium
smecrmatis can be induced to express the potential to kill by
lymphokine treatment, suggesting that both the genetically
resistant and susceptible macrophages have the potential to
kill M. smecrmatis in vitro (Denis and Forget, 1990) .
An important property of Brucella virulence is the
ability to survive and multiply intracellularly in host
phagocytes.

Brucella are ingested by macrophages and are

partially protected in the phagosome.

Early studies with

bovine blood-derived macrophages from normal and infected
calves and B.abortus showed slower multiplication of the
organism in macrophages from immune cattle (Fitzgeorge and
Solotorovsky, 1967).

Chronic infection may be a result of

intracellular localization in macrophages whose bactericidal
mechanisms are resistant or refractory to activation.

4

Intracellular Survival

In order to survive, intracellular parasites must be
adaptable to the intracellular conditions and be resistant
to or inhibit the killing systems of the cell.

Facultative

intracellular parasites have developed different mechanisms
for survival.

One mechanism of intracellular survival is

inhibition of fusion between lysosomes and phagocytic
vacuoles containing the microbe.

When fusion occurs,

azurophil and specific granules discharge 2 groups of
killing systems into phagosomes:

(i) oxygen dependent

reactions mediated by oxygen metabolites and (ii) oxygen
independent reactions; i.e., cationic proteins, proteases,
lactoferrin, phospholipase A2.

Mycobacterium leprae

inhibits degranulation by the presence of sulfolipids on its
cell surface Goren (1976).

Mycobacterium microti blocks

degranulation by increasing levels of intracellular cyclic
AMP (Lowrie and Aber, 1979; Lowrie, 1983).

Amastigotes of

Leishmania and Coxiella burnetii proliferate in the acid
environment of the phagolysosome (Mauel, 1990).

Phagocytic Cells and Brucella

Most of the research involving phagocytic cells and
Brucella abortus has been done using either neutrophils from
mice, man, and guinea pigs or rarely, with macrophages from
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mice (Cheers and Pagram, 1979; Kreutzer and Dreyfus, 1979;
Cheers and Pavlov, 1980; Riley and Robertson, 1984; Riley
and Robertson, 1984; Young and Borchert, 1985).
understanding

The early

of Brucella abortus as an intracellular

pathogen and of protective immunity to brucellosis at this
point was based largely on studies in mice (Mackaness, 1964;
Cheers, 1984; Pavlov and Hogarth, 1982). These species are
not the natural host of Brucella abortus.

The immune

response to Brucella abortus differs from one species to
another.

Studies have shown humoral immunity to be

protective in mice (Araya and Winter, 1990).
not protective in cattle.

Antibody is

In fact, it has been associated

with increased survival of the organism, and may favor the
pathogenesis of the organism (Corbeil and Blau, 1988).
Normal bovine serum is more strongly brucellacidal than
normal guinea pig serum (Nielson and Heck, 1987).

Kreutzer

reported that human neutrophils were more bactericidal than
guinea pig neutrophils to both rough and smooth strains of
Brucella abortus (Kreutzer and Dreyfus, 1979).

MacRae and

Smith studied the behavior of B.abortus with cells of the
naturally susceptible host (1964).

They used cells from the

buffy coat of bovine peripheral blood, and could not detect
significant differences between phagocytes from normal and
immune cattle.
In the more recent studies on intracellular survival of
Brucella abortus in the bovine system most researchers also

used neutrophils rather than macrophages (Frost and Smith,
1972; Riley and Robertson, 1984a; Riley and Robertson,
1984b; Canning and Roth, 1985; Bertram and Canning, 1986;
Canning and Roth, 1986; Canning and Deyoe, 1988).
Neutrophils, as well as serum bactericidins, are part of the
host's first line of defense against invading pathogens.
But macrophages are the phagocytic cell in which Brucella
are able to survive. Early work on bovine macrophages and
Brucella was by FitzGeorge, who cultured peripheral bloodderived macrophages (1967).

He conducted phagocytosis

studies using B .abortus and 12 day cultured macrophages.

He

reported slower multiplication of B.abortus in macrophages
from cattle that had been inoculated with B .abortus
("immune" cattle) than in macrophages from normal cattle
(not inoculated).

He found his results to be the same

whether pooled immune serum or pooled normal serum was used
in the test.
In brucellosis, cell mediated immunity is considered to
be more important than humoral immunity.

Macrophages are of

pivotal importance because they are the cells which will
ultimately destroy Brucella or allow its continued
existence.

Most recently researchers have more

appropriately concentrated on bovine macrophages, primarily
mammary gland macrophages, for studying intracellular
survival mechanisms and innate resistance of Brucella
abortus (Harmon and Templeton, 1985; Harmon and Adams, 1988;

Harmon an Adams, 1989; Price and Templeton, 1990).
Macrophages have different roles in Brucella infection.
They function as host cells to the bacteria, they can
present antigen to the immune system, and they also act as
effector cells.

All of these roles are important in

infection with Brucella.

Brucella and Neutrophils

In 1964 Fitzgeorge and Smith found that the intracellular
survival of Brucella abortus in bovine cells from the buffy
coat paralleled the organism's virulence.

The intracellular

growth of an attenuated strain 45/0 was promoted if the
phagocytes were pretreated with killed organisms of virulent
strain 544 and if the organisms had been grown in medium
supplemented with bovine allantoic fluid.

It appeared that

B.abortus grown in supplemented media produced an
immunogenic cell wall material which inhibited the
bactericidal activity of the phagocyte.

Later researchers

found that guinea pig neutrophils were more bactericidal to
rough strain 45/20 than smooth strain 45/0 and that human
neutrophils were more bactericidal to both than were the
cells from guinea pigs (Kreutzer and Dreyfus, 1979).

There

was no respiratory burst by guinea pig neutrophils incubated
with B„abortus.

Lysates from guinea pig or human granules

were not toxic to either strain unless supplemented with H202

and a halide.
activity,

Adding catalase abolished bactericidal

so an oxygen-dependent system appeared to be

lethal to Brucella, with the halide I' being more active
than C1‘.

This furthered the hypothesis that Brucella

inhibit the killing process possibly by preventing
degranulation of the phagocyte.

It appeared that Brucella

inhibited a specific course of events subsequent to
ingestion or that the bacterial surface never generated the
appropriate stimulus by interaction with the plasma membrane
of the phagocyte.

It was suggested that Brucella may have

developed resistance to an oxygen-dependent killing system,
MPO (myeloperoxidase) mediated by chloride.
Bovine neutrophils were found to be significantly more
bactericidal than human neutrophils against smooth B .abortus
45/0.

There was no difference in activity against rough

strain 45/20 even though both strains were readily ingested
(Riley and Robertson, 1984a). More degranulation and more
MPO and lactoferrin release occurred with ingestion of
Staphylococcus epidermidis than with either strain of
Brucella, but amounts of degranulation were similar with
either strain of Brucella.
rough or smooth Brucella
MPO, H202, and KI.

Oxygen dependent killing of

was dependent on concentrations of

Maximal brucellacidal activity was at pH

5.5 to 6.0 (Riley and Robertson, 1984b).

Riley concluded

that degranulation was not effectively stimulated by B.
abortus and that the smooth strain was more resistant to

killing than the rough strain, even though both stimulated
similar amounts of granule release.
In studies with human neutrophils and Brucella abortus
and Brucella melitensis. both species were phagocytized
after opsonification with normal human serum, but
phagocytosis did not occur with nonopsonized organisms
(Young and Borchert, 1985).

Normal human serum was

bactericidal for B. abortus. but not for B. melitensis.
This information supported the concept that differences in
virulence of Brucella may result from differences in
reactions with host defense mechanisms, including normal
serum and phagocytes.

This observation emphasizes the

relevance of the present studies.
Canning found two components from the supernatant of
heat-killed B .abortus that inhibit the myeloperoxidase-H202halide system of bovine neutrophils.

He characterized them

as 5'-guanosine and adenine (Canning and Roth, 1985).
Organisms that are easily killed by neutrophils are not
reported to produce detectable amounts of GMP or adenine.
The low molecular weight substances preferentially inhibited
degranulation of primary (azurophilic, peroxidase positive)
granules (Bertram and Canning, 1986).

Riches et al reported

that lysosomal enzyme secretion by murine macrophages is
inhibited in the presence of purine nucleosides (Riches and
Watkins, 1985).
Ingestion by human neutrophils of B.abortus opsonized
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with heat-inactivated homologous serum did not stimulate
hexose monophosphate shunt activity as measured by oxidation
of [14C]glucose (Kreutzer and Dreyfus, 1979) .

Nonopsonized

B.abortus did not stimulate production of superoxide anion
by neutrophils, as measured by quantitation of nitroblue
tetrazolium dye reduction because of a lack of stimulation
of oxidative metabolism on ingestion (Morris, 1977).

This

work implies that a lack of stimulation of the oxidative
metabolic burst enhances the intracellular survival of
B .abortus (Canning and Roth, 1988).

However, B .abortus

opsonized with specific antibody elicited an oxidative
response by bovine mammary gland macrophages (Harmon and
Adams, 1987).

In phagocytosis studies with Brucella abortus

and bovine neutrophils B .abortus stimulated oxidative
metabolism in bovine neutrophils when the organism was
opsonized with fresh antiserum or heat inactivated
antiserum, but not when opsonized with normal bovine serum
or when nonopsonized (Canning and Roth, 1988).

Brucella and Macrophages

Fitzgeorge et al first performed phagocytosis studies on
12-day-old cultured macrophage from the peripheral blood of
calves and Brucella abortus strain 544. They used cells from
normal calves and from calves that had been inoculated with
Brucella abortus strain 544 in the presence of isologous
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serum.

They found that the growth of Brucella was slower in

the macrophages from immune calves, whether pooled immune
serum or pooled normal serum was used. The same approximate
number of bacteria was phagocytosed with each type of serum
in both of the groups of macrophages.

This would imply that

opsonification of the bacteria with specific antisera did
not aid in phagocytosis.
Interestingly, the methods for culturing macrophages from
the peripheral blood of cattle has remained quite the same
to the present.

However, Fitzgeorge et al report that the

macrophages appear to multiply slightly (1967). Macrophages
are considered end stage cells and do not multiply in
culture in the absence of specific growth factors (Stewart
and Glass, 1986).
In vivo work with murine macrophages and Brucella
infection indicated that the chronicity of infection is
related to (i) the relative resistance of the organism to
macrophage killing; (ii) the decline in macrophage activity
after 14 days; and (iii) the insensitivity of the remaining
bacteria to activated macrophages (Cheers and Pagram, 1979).
Investigators considered that this was possibly due to
"incompetent" macrophages.

They later investigated the

possibility of suppressor macrophages as a cause for
chronicity of infection in mice, but found no correlation
between macrophage influx and chronic infection (Cheers and
Pavlov, 1980). They hypothesized that the reasons for anergy
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during murine brucellosis could be suppressor T cells or the
suppressor effect of antibody on cell-mediated immunity.
Harmon et al conducted a series of in vitro studies with
bovine mammary gland macrophages and B.abortus to examine
function and killing ability in relation to innate
resistance of cattle (Harmon and Templeton, 1985; Harmon and
Adams 1988; 1989).

His studies were done using macrophages

from groups of cattle that were established as resistant or
susceptible post-challenge with Brucella abortus.

They

found a lack of correlation between BoLA types and
resistance.

Resistant cows produced IgM antibodies to

Brucella without switching to IgG, while susceptible cows
had persistent high levels of IgM and IgG.

Macrophages from

resistant cows had higher oxidative burst activities than
susceptible cows when stimulated with opsonized B.abortus.
All tests in this study were performed after challenge and
differences in humoral responses may have been due to
developing infection and persistence of antigen in
susceptible cows.

Further studies showed that

opsonif ication of Brucella abortus strain 2308 and rough
strain 45/20 was required for phagocytosis by mammary gland
macrophages.

Intracellular survival rates for strain 2308

were significantly higher than those for strain 45/20.
B.abortus localized in phagosomes and phagolysosomes after
being phagocytized. In chemiluminescence assays, mammary
gland macrophages from resistant cows produced significantly
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higher oxidative burst and greater bacteriostatic activity
than did macrophages from susceptible cows.

No differences

were observed in lysosomal enzymatic activity or Fc receptor
expression.
Additional studies on mammary macrophages and blood
monocyte-derived macrophages collected before challenge with
Brucella abortus were reported by Price et al (1990).
Mammary macrophages from 8 of the 11 post-challenge
resistant cattle controlled survival of the bacteria to less
than 100%.

Five of the 10 post-challenge susceptible cattle

controlled bacterial replication to less than 100%.

In 12

cattle challenged and grouped as susceptible or resistant
after assays were conducted, mammary macrophages from 3 of 3
cattle determined to be resistant controlled intracellular
replication to less than 100% and mammary macrophages from 3
of 9 cattle determined to be susceptible controlled
replication to less than 100%.

Blood monocyte-derived

macrophages from a group of 18 bulls and 4 heifers were
studied.

Of the 22 bulls and heifers used in the study, 16

proved to be resistant to challenge.

This (73%) is a larger

percentage than has been reported as naturally occurring in
cows (Davies and Cocks, 1980; Deyoe and Dorsey, 1979).
These researchers chose 1000% replication of B. abortus as
the division between resistant and susceptible cattle.
Monocyte-derived macrophages from 14 of the 16 resistant
cattle controlled bacterial replication to less than 1000%
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at 3 days post inoculation of the cell culture, and
monocyte-derived macrophages from 2 of the 6 cattle that
were susceptible controlled replication to less than 1000%.
All phagocytosis assays were done with bacteria opsonized
with specific antibrucella antibody and bovine complement.
These results are far from being clearly definitive, but the
authors state significant differences in the ability of
macrophages from resistant and susceptible cattle to control
the intracellular survival of Brucella abortus.

Complement and Antibody Killing of Brucella

Normal bovine serum is capable of complement mediated
killing of B. abortus (Irwin and Beach, 1936; Huddleston and
Wood, 1945; Irwin and Beach, 1946; Irwin and Berman, 1950;
Corbeil and Blau, 1988).

Complement fixing bovine antibody

does not augment bovine serum-mediated bacterial killing or
consumption of complement (Corbeil and Blau, 1988).
However, guinea pig serum kills Brucella abortus and the
killing is enhanced by bovine antibody (Hoffman and Houle,
1983).

The brucellacidal mechanism of bovine serum has not

been completely explained.

B. abortus lipopolysaccharide

(LPS) differs from the Enterobacterial lipopolysaccharides
in that it cannot activate the alternative pathway of
complement (Hoffman and Houle, 1983; Corbeil and Blau,
1988).

The classical complement pathway cascade begins with

activation of Cl, while the alternative pathway bypasses Cl
by direct activation of C3.

Treatment of normal bovine

serum with ethylenediaminetetraacetic acid (EDTA) inhibits
its brucellacidal activity (Nielsen and Heck, 1984; Nielsen
and Duncan, 1987, Corbeil and Blau, 1988).
Ethylenediaminetetraacetic acid chelates calcium, which is
required by Cl, and magnesium, which is required by C2, as
well as by the alternative pathway (Mayer, 1961).

When EDTA

is used in the presence of magnesium ions it blocks
activation of Cl and formation of C3 convertase, but the
magnesium-dependent alternative pathway is not inhibited.
Ethylene glycol-bis tetraacetic acid (EGTA) specifically
chelates magnesium ions.

Since treating normal bovine serum

with EGTA-MgCl2 virtually eliminates killing activity, it is
theorized that the classical pathway activation is
responsible for the killing (Hoffman and Houle, 1983;
Corbeil and Blau, 1988).
Addition of specific bovine anti-B. abortus to normal
bovine serum does not enhance the bactericidal activity of
the serum even though complement is present.

IgGl and IgG2,

but not IgM anti-S-LPS, block in vitro brucellacidal
activity of normal bovine serum (Corbeil and Blau, 1988).
Post-challenge resistant cows have been shown to produce IgM
antibodies without switching to IgG, while susceptible cows
had persistent high levels of IgM and IgG (Harmon and
Templeton, 1985).

The reason for blocking by IgGl and IgG2
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but not by IgM is not known, since each of these classes of
antibody can fix complement.

Some B. abortus surface

molecule or receptor other than LPS may be responsible for
the antibody independent brucellacidal activity of normal
bovine serum.

Receptors and Phagocytosis

Phagocytosis is one of the most important host defense
mechanisms against invading microorganisms.

The usual

process of phagocytosis involves opsonification of the
particles by serum factors, attachment of the opsonized
particles to the cell surface, engulfment of the particles,
intracellular killing of microorganisms, and digestion of
the microorganisms (Gallego and Cuello, 1989).
Enhancement of phagocytosis would be beneficial for an
intracellular pathogen such as Brucella abortus. provided
the organism has a mechanism for escaping destruction.

The

organism could more easily reach the environment inside the
cell where it can survive intracellular killing mechanisms
and escape extracellular killing mechanisms; i.e., serum
complement.

Phagocytosis is facilitated by opsonins (IgG,

IgM, and complement factor C3).

Macrophages have surface

receptors for the Fc portion of IgG, the C3b fragment of
complement, fibronectin, fucose and mannose residues, and
for hormones (Douglas and Musson, 1986).
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Two types of opsonins have been described:

one is

represented by the C3b and C3bi fragments of complement, and
the other is represented by antimicrobial antibodies,
usually IgG molecules.

The C3b receptors promote avid

particle binding, but are incapable of generating a
phagocytic signal and promoting particle ingestion unless
the phagocytic cell is activated by a variety of cytokines
or molecules insolubilized on the substrate (Bianco and
Griffen, 1975; Ehlenberger and Nussenzweig, 1977; Griffen,
1980; Shaw and Griffen, 1981, Wright and Rao, 1983; Wright
and Griffen, 1985).

Fibronectin, amyloid P, or laminin are

better activators of this receptor than untreated glass,
plastic or collagen (Wright and Rao, 1983). The Fc receptors
for IgG are able to induce ingestion but are not as
efficient as C3b for inducing attachment of the organism to
the cell membrane (Roos and Bot, 1981).
Opsonophagocytosis can occur by three methods (Ofek and
Sharon, 1988).

The first involves only antibodies which

bind via their Fab portion with Fc receptors on the
phagocyte.

In the second, only C3b or C3bi participates.

They are generated by contact with microbial surface
constituents, usually via the alternative pathway of
complement activation.

C3b or C3bi binds to the microbial

surface and to the receptor, either CR1 or CR3, on the
phagocyte surface (Fearon, 1980; Wright and Rao, 1983).
Both antibody and C3b or C3bi participate in the third
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method. The antibody binds to the microbial surface antigen
and activates the classical or alternative pathway of
complement, followed by deposition of C3b or C3bi onto the
microbial surface. The organisms, coated with antibody and
complement fragments, bind to the phagocytes by both
receptors.
The second method can occur in a nonimmune host and may
be the most pertinent in the interaction of Brucella abortus
with macrophages from naive cows.

This method depends on

the availability of complement and the ability of the
bacteria to activate complement by the alternative pathway.
Results of complement fixation assays involving live
B.abortus indicate that bacteria treated with normal bovine
serum or anti-B.abortus 2308 serum fixed C3b at or near the
cell surface (Canning and Deyoe, 1988).

B.abortus

has been

reported to not activate the alternative complement pathway,
but is theorized to activate the classical pathway by an
undetermined method (Hoffman and Houle, 1983).

So the

method of opsonification of B.abortus for phagocytosis by
macrophages and neutrophils in a nonimmune host is not fully
explained.

It is possible that B.abortus could attach via

C3 complement receptors on the phagocyte surface or via
lectins on the surface of the phagocyte that bind to
carbohydrates on the bacterial surface.

Monocyte-derived

macrophages have a mannose-type lectin which is specific for
n-acetylglucosamine, mannose, glucose, and L-fucose (Speert
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and Silverstein, 1985) . The LPS of B. abortus contains a
linear homopolymer, a-1,2-linked 4,6-dideoxy-4-formamido-Dmannopyranosyl (Smith and Ficht, 1990), which could serve as
a binding site for a mannose-specific lectin.
Lectinophagocytosis may play a role in combating infections
in areas of the body where the level of opsonins is low or
in the case of bacteria that do not activate the alternative
pathway of complement or in a complement-deficient host
(Ofek and Sharon, 1988).
Phagocytosis must occur before the host immune system is
activated, because T-dependent antigens must be processed by
macrophages and presented to T cells in order for host
immunity to become functional.

Cell mediated immunity is

very important in brucellosis.

The first interaction of

macrophages and B. abortus, consequently, sets the stage for
the outcome of the disease.

The inability of macrophages to

kill B .abortus and process antigen at the primary site of
infection is a key factor in dissemination of the bacteria
to other sites in the body (Smith and Ficht, 1990).

Respiratory Burst

Stimulation of phagocytes by microorganisms, other
particulate or soluble agents induces the phenomena termed
oxidative or respiratory burst.

This phenomenon results

from complicated signal transduction mechanisms within the
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cell.

Protein kinase C exists within cells as an inactive

cytosolic precursor which can be activated by receptor
mediated hydrolysis of inositol phospholipids. Binding of
cell membrane receptors activates specific phospholipases
which hydrolyze phosphatidyl inositol-(4,5)-biphosphate
(PIP2) to the second messengers inositol 1,4,5-triphosphate
(IP3) and diacylglycerol (DAG) . IP3 diffuses into the cell
causing release of calcium (Ca+2) from intracellular stores.
This free Ca+2 results in the translocation of cytosolic
protein kinase C to the membrane where it is activated by
DAG (Omann and Allen, 1987). The resulting phosphoproteins
may be necessary for the stimulation of NADPH-oxidase
resulting in reduction of molecular oxygen (02) to
superoxide anion (02-) (Borregaard, 1985; Hamilton, 1987).
Although phagocytosis is commonly associated with the
respiratory burst, the phagocytic event is not a necessary
requirement for the

activation of NADPH oxidase (Goldstein

and Roos, 1975; Root and Metcalf, 1977; Rossi and Bellevite,
1980).

The reaction is initiated by disturbances in the

plasmalemma.

Phagocytosis-associated production of oxygen

metabolites is required for efficient killing of
microorganisms by all types of phagocytic cells (Babior and
Cohen, 1984; Johnston, 1981; Nathan, 1983).

But it is

possible for the respiratory burst to occur without
microbial killing.
Depending upon the receptor engaged and the physiologic

state of the macrophage, binding may or may not lead to
phagocytosis and oxidant burst.

Engagement of macrophage Fc

receptors by particle-bound IgG virtually always leads to
particle ingestion and oxidant production (Ehlenberger and
Nussenzweig, 1977; Shaw and Griffen, 1981).

In contrast,

engagement of macrophage complement receptors by particlebound C3b, which always mediates efficient particle binding,
promotes particle ingestion only by macrophages that have
been physiologically altered, and may or may not promote
oxidant burst (Bianco, 1975; Ehlenberger and Nussenzweig,
1977; Griffen, 1980; Shaw and Griffen, 1981).

The

respiratory burst can be initiated by both particulate and
soluble stimulating agents;

i.e., immune complexes, zymosan

particles, phorbol myristate acetate, that may or may not,
act through specific cell surface receptors.
Opsonized zymosan is a particulate stimulant that binds
to surface receptors and stimulates a receptor-mediated
signal transduction pathway (Roos and Bot, 1981).
activates the C3b fragment of serum complement.

Zymosan
Both

neutrophils and macrophages have 2 distinct cell surface
receptors for C3 which mediate the binding of particles
coated with C3b and iC3b.

Freshly harvested human monocytes

and monocytes cultured for 5-10 days in vitro readily bind
C3b- and iC3b-coated particles (Wright and Griffen, 1985).
Plasma membrane receptors of the leukocytes interact with
activated components of complement deposited on the zymosan
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particles to trigger release of superoxide anion (02-)
and/or H202 (Berton and Gordon, 1983).

Ohmann (1984) found

that bovine blood monocytes and neutrophils produce H202 and
superoxide anion when stimulated with serum-opsonized
zymosan.

The neutrophils responded immediately, and

alveolar macrophages and monocytes showed a lag period of
approximately 10 min before generation of H202 occurs.
Phorbol myristate acetate stimulus activates protein
kinase C, and protein kinase C activity has been shown to be
important for the oxidative burst of macrophages (Babior,
1984; Johnston, 1981; Johnston and Kitagawa, 1985).

The

tumor-promoting phorbol esters have a molecular structure
that is very similar to that of diacylglycerol and serve as
analogues capable of directly activating protein kinase C
both in vitro and in vivo (Kikkawa and Nishizukak, 1986;
Sandborg and Smolen, 1988).

Phorbol myristate acetate (PMA)

stimulation is independent of cell surface receptors (Niedel
and Kuhn, 1983; Nishihira and O'Flaherty, 1985; Omann and
Allen, 1987) and may activate the membrane bound NADPH
oxidase more directly.

This mechanism bypasses several

steps in activation of the respiratory burst.
The intensity of the activation of the oxidative burst
varies depending on cell type, cell sources, animal species,
and the functional state of the macrophage (Rossi and
Zabucchi, 1975; Nathan, 1982; Rossi and Bellavite, 1980).
This increase in oxidative metabolism includes a rapid

increase in the non-mitochondrial molecular oxygen
consumption, increase in hexose monophosphate shunt activity
(HMPS),and production of superoxide anion and toxic oxygen
radicals in the phagocytic vesicle and extracellular space.
After release of superoxide, a cascade of secondary
reactions generate a variety of metabolites of molecular
oxygen: hydroxyl radicals (0H-), singlet oxygen (0-2),
superoxide anion (0-2) , and hydrogen peroxide (H202) .

Each

derivative has been associated with biocidal activity,
although the role for each radical has not been clearly
established (Dyer and Benson, 1985).

These events can be

monitored by measuring oxygen consumption, superoxide
dismutase (SOD)-inhibitable ferricytochrome c reduction,
luminol-enhanced chemiluminescence (CL), oxidation of (1-14C)
glucose (Rest an Farrell, 1988; Babior and Cohen, 1981;
Beaman, 1977; Drath and Karnovsky, 1975; Nathan, 1977;
Johnston and Lehmeyer, 1976), and production of superoxide
anion (O-2) or hydrogen peroxide (H202) .
Once an infectious agent is phagocytized by
monocytes/macrophages, it may either be killed and digested,
remain viable and replicate, or persist within the cell.
For examples, Mycobacterium microti and Chlamvdia inhibit
phagosome-lysosome fusion once they are phagocytized,
Coxiella burnetii allows fusion and actually requires the
acid environment for metabolism, Mycobacterium tuberculosis
inhibits lysosomal degranulation via toxic sulfolipids on

its cell surface, and Rickettsia activates phospholipase A
on its surface and digests itself out of the phagosome
before fusion with the lysosome occurs (Winkler and Miller,
1982; Akporiaye and Rowatt, 1983; Moulder, 1985; Murray,
1988).

CHAPTER II

BRUCELLACIDAL ACTIVITY IN
SERUM FROM NAIVE CONS

ABSTRACT

Sera from 21 Brucella abortus naive cows were evaluated
to determine if subpopulations of animals could be
identified based on their ability to kill B. abortus.
Killing of B. abortus by fresh serum from naive cows was
normally distributed with all values within ± 1.5 sd of the
mean.

Animals with high or low killing activity were not

identified.
Complement played an important role in killing of B.
abortus by serum.

Heat treatment of both naive and reactor

serum increased bacterial survival.

However, the increased

ability of naive sera and fetal bovine serum (as compared to
reactor or control) to restrict bacterial replication after
heat treatment indicated that factors other than complement
were involved in serum killing of B. abortus.
Antibodies did not contribute to bacterial killing of B.
abortus by serum.

Killing was greater in sera that did not

contain anti-Brucella antibody; i.e., naive sera.
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Survival
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of bacteria in heated reactor serum was similar to survival
in the buffer control.

INTRODUCTION

Up to 30% of cattle are naturally resistant to challenge
with Brucella abortus (Deyoe and Dorsey, 1979; Davies and
Cocks, 1980; Garcia-Carrillo, 1980).

The mechanism of this

innate resistance is poorly understood.

Natural resistance

to Brucella infection in mice is under genetic control (Ho
and Cheers, 1982).

Resistance to several intracellular

parasites is mediated by gene products expressed in
macrophages (Mouton and Biozzi, 1978).

Macrophages play a

very important role in cellular immunity to chronic
infection.

In chronic murine brucellosis, the final outcome

is modified by later events, such as T-cell-mediated
responses which enhance or supress immune responsiveness
(Birmingham and Jeska, 1981).

Brucella species are

facultative intracellular bacteria capable of surviving
within macrophages.

Initial killing of the invading

bacteria by components of serum may play a more critical
role in resistance to infection.

Failure of rapid killing

may allow invading bacteria to infect and replicate within
permissive host cells and spread to other sites before the
host can mount an immune response.

Bacteria that escape
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killing action by serum may persist within phagocytic cells
and cause chronic disease.
Previous studies of the role of antibody in serum
killing of B. abortus were conflicting.

Some investigators

found killing by fresh normal bovine serum but not by serum
from animals with high antibody titers (Huddleson and Wood,
1945). Others showed serum from infected cattle to be
bactericidal, even when serially diluted (Irwin and Beach,
1936, 1946; Irwin and Berman, 1950).
immunization was protective

In mice, passive

(Live and Giuliani, 1953;

Sulitzeanu, 1965; Pardon, 1977; Bascoul and Cannat, 1978;
Madraso and Cheers, 1978; Plommett and Plommett, 1983;
Montaraz and Winter, 1986; Araya and Winter, 1990;).

Normal

fresh bovine serum and fresh agammaglobulinemic serum have
recently been shown to be effective in killing smooth
virulent B. abortus 2308 via activation of complement by the
classical pathway (Corbeil and Blau, 1988).

They used

pooled normal bovine sera obtained from 2 Brucella-naive
steers, sera from neonatal colostrum-deprived calves, and
sera from 3 heifers infected by conjunctival inoculation
with virulent smooth B. abortus.

They found killing by

fresh naive bovine serum and by fresh agammaglobulinemic
serum, but not by immune or reactor serum.

These authors

proposed that killing by sera from infected animals may in
fact be blocked by IgGl and IgG2 antibody isotypes.
All previous studies to investigate the role of serum,
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complement and antibody in Brucella killing have used pooled
sera.

The role serum and complement may play in the ability

of individual cows to resist infection by B. abortus has not
been determined.

It was hypothesized that differences in

the ability of serum from individual animals to kill B.
abortus in the absence of specific antibody could influence
the ability of the host to resist the establishment of the
disease.
In the present study, the abilities of fresh and heat
treated serum from 21 B. abortus naive cattle, reactor
serum, and fetal bovine serum to kill B. abortus were
compared.

Data were analyzed to identify subpopulations of

naive cattle (or statistical outliers) as an initial step
toward determining the role of serum components in innate
resistance.

MATERIALS AND METHODS

Bacteria:
A virulent smooth strain of Brucella abortus. (strain
2308) , was supplied by Dr. B.L. Deyoe, US Department of

Agriculture, NADC, Ames, Iowa. Bacteria were grown in
tryptose broth (Difco, Detroit, MI) for 72 hrs at 37° c in
8% C02.

The bacterial suspensions were washed twice in

calcium and magnesium free phosphate buffered saline (PBS-
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CMF) and 1 ml aliquots were frozen as stock at -70° C in
tryptic soy broth with a protectant of 1% gelatin (Gibco
Laboratories, Grand Island, NY) and 25% horse serum (Gibco
Laboratories, Grand Island, NY).

A sample was thawed,

serially diluted, and plated onto tryptose agar plates
(Difco, Detroit, MI) to quantitate the number of
bacteria/ml.

Animals:
A herd of 21 non-gravid, mature, mixed-breed cows was
used for these studies.

These animals had not been

vaccinated for Brucella abortus and tested negative for B.
abortus yearly for 3 years by the serological card test and
complement fixation test.

All animals were assigned

individual identification numbers and placed on a herd
health program including vaccinations for common bacterial
and viral diseases and treated regularly for internal
parasites.

Animals were maintained on pastures and

supplemented with mineral blocks and a high quality
maintenance ration.

Serum:
Serum samples were taken from each of the 21 B. abortus
naive cattle.

Reactor serum was obtained from an

experimentally infected, culture positive animal with
specific anti-Brucella antibodies.

Endotoxin-negative fetal
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bovine serum (Sigma Chemical Co., St. Louis, MO.) was used
as a control.
Each serum was divided into 2 aliquots.

One aliquot was

used fresh and the second was heated at 56°C for 30 minutes
to destroy complement.

Assays were run simultaneously on

the day of serum collection.

Bactericidal Assay:
All fetal bovine serum, buffers, and distilled water
used in the assays had less than 1.2 EU/ml of endotoxin
activity as determined by a chromogenic Limulus amoebocyte
assay (Whittaker Bioproducts, Walkersville, MD).
The bactericidal assay system consisted of 106 Brucella
abortus in 1 ml Hanks balanced salt solution (HBSS)

(Sigma,

St. Louis, MO) with 0.1% gelatin and 10% of the specified
serum.

Brucella abortus (106) in 1 ml HBSS with 1% gelatin

(without serum) served as control.
triplicate.

Assays were run in

A 400 ul aliquot was removed from each tube

immediately after mixing (Time 0) and after incubation for
120 minutes at 37° C in a shaking water bath (Time 120) .
All aliquots were serially diluted and seven 10 (i1 drops of
each dilution were placed separately on tryptic soy agar
plates.

After the drops had absorbed into the agar, plates

were inverted and incubated for 72 h in 8% C02 at 37°.
Colony counts from dilutions yielding between 10 and 100
colonies were used for calculations.

Colony forming units
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(CFU) from the seven drops were averaged for each
triplicate.

Results were expressed as percent survival of

B. abortus after 120 minutes and were calculated using the
following formula:
Percent Survival =

CFU at Time 120 minutes

X

100

CFU at Time 0 minutes

Statistical Analyses:
Data were evaluated by analysis of variance utilizing a
Statistical Analyses System program (SAS Inc, 1985).
Scheffe's multiple range test was used to determine the
significance of differences in serum killing among the types
and treatment of serum.
at p < 0.05.

Results were considered significant

Shapiro-Wilkes test of normality was used to

analyze the distribution of serum killing by individual
cattle (Steel and Torrie, 1980).

RESULTS

Assays with fresh serum from B. abortus naive cattle
showed significantly lower percent survival of B. abortus
than did assays with fresh reactor serum, fresh fetal bovine
serum, all heat treated sera, and the buffer control (Fig.
1 ).

Heating caused increased survival of bacteria in both
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B. abortus naive and reactor sera, but not fetal bovine
serum.

Survival of bacteria in heated reactor serum (133%)

was similar to the media control.
The killing activity of fresh naive serum was normally
distributed, with all animals falling within + 1.5 sd of the
mean (Fig. 2).

Individual animals demonstrating high or low

serum killing activity (+ 2.0 sd ) were not identified.

DISCUSSION

Complement plays an important role in the in

vitro

killing of B. abortus by serum (Corbeil and Blau, 1988).
Heat treatment of both naive and reactor serum increased
bacterial survival.

Killing by fetal bovine serum was not

affected by heat treatment, since it contains little
complement activity (Rice and Silverstein, 1964).

However,

the ability of naive sera and fetal bovine serum to control
replication of B. abortus after heat treatment (when
compared to the heated reactor serum or the control)
indicates that factors other than complement may be involved
in serum killing of B. abortus.
Results of this study suggest that antibodies do not
contribute to bacterial killing.

Bacterial survival was

less in serum that did not contain antibrucella antibody
(naive sera and fetal bovine serum).

Survival of bacteria

33

in reactor serum was similar to the media control.
Failure of specific complement-fixing antibody to
augment serum-mediated bacterial killing is unusual (McGuire
and Musoke, 1979).

Antibodies, rather than contributing to

killing, may enhance the establishment of infection by
opsonizing B. abortus and facilitating internalization into
permissive cells.

The presence of antibodies has been

associated with a decrease in killing of smooth strain 2308
(Sutherland, 1980).

In vivo studies have shown that

antibodies can either enhance or diminish B. abortus
infection.

Passive transfer of antibrucella antibodies has

promoted survival of B. abortus in mice (Forget and
Riendeau, 1977), while immune serum and monoclonal O
antibodies have been used to protect mice (Montaraz and
Winter, 1986; Limet and Plommett, 1987; Winter and Duncan,
1989).
Corbeil (1988) showed that there was in vitro blocking
of bactericidal activity with IgGl and IgG2 anti-S-LPS.

No

in vitro blocking of brucellacidal activity was noted with
serum containing IgM antibrucella antibodies from animals
with acute infections.

Other studies show that post

challenge resistant cows produce IgM antibodies without
switching to IgG, while susceptible cows had persistent high
levels of IgM and IgG (Harmon and Templeton, 1985).

The

reason for blocking by IgGl and IgG2 but not by IgM is not
known, since all three can fix complement.

Some IgG
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antibodies specific for B. abortus may be directed against
the substance on the bacteria that activates the complement
cascade.

As antibodies to the substance appear, they could

bind to the bacteria and decrease the ability to directly
activate complement (Hoffman and Houle, 1983).
The lipid A region of Escherichia coli
lipopolysaccharide can activate the classical pathway of
complement and B. abortus LPS has the same basic domains as
the enterobacterial LPSs (Moreno and Berman, 1979; Hoffmann
and Houle, 1983).

But the mechanism of complement

activation by bacteria varies with the surface
characteristics of the organism.

In studies with

Haemophilus influenza type b the alternate complement
pathway was activated in the presence of anticapsular
antibody, and rough E. coli activated the classical pathway
independent of antibody (Steele and Munson, 1984, Taylor and
Knoll, 1983).

B. abortus does not activate the alternative

pathway of complement and probably does not activate the
classical pathway by antibody-independent methods.
Activation could result from classical activation by
substance on the surface of B. abortus (Hoffmann and Houle,
1983) .
Our findings that fresh normal bovine serum kills
significantly more B. abortus than reactor, FBS, and heated
sera are consistent with previous reports.

Killing by

complement is not augmented, but inhibited, by the presence

of antibody.

This may be due to blocking of killing by

antibrucella antibodies.

Furthermore, opsonification of B.

abortus by both complement and antibody may in fact
represent a virulence factor of the agent to ensure its
entry into appropriate host cells.
The ability of serum from B. abortus naive cows to kill
B. abortus was normally distributed.

No animals were

greater than + 2.0 sd from the mean.

Potentially innately

resistant cattle were not identified based on serum killing
ability alone.

However, it was possible that differences in

serum killing existed, but were too subtle to be detected by
this study.

A correlation of serum killing by individual

cows with their susceptibility to challenge by Brucella
abortus may reveal a relationship between serum killing
activity and innate resistance.
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CHAPTER III

INTERACTION OP BOVINE MONOCYTE-DERIVED
MACROPHAGES AND BRUCELLA ABORTUSS
PHAGOCYTOSIS AND INTRACELLULAR SURVIVAL

ABSTRACT

Phagocytosis and intracellular survival of Brucella
abortus using monocyte-derived macrophages from 10 B.
abortus-naive cows were studied.

Phagocytosis of bacteria

opsonized with naive-autologous sera or reactor serum was
significantly greater than phagocytosis of bacteria
opsonized with fetal bovine serum.

After phagocytosis,

bacteria opsonized with autologous, reactor, or fetal bovine
sera displayed no significant differences in ability to
survive within macrophages. The abilities of the macrophages
to phagocytize and to kill B . abortus were not significantly
correlated.

The phagocytosis and killing activities of

macrophages from the 10 individual cows toward B. abortus
opsonized with autologous, reactor, and fetal calf sera were
normally distributed, with all animals falling within ± 1 . 5
sd of the mean.
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INTRODUCTION

Brucella abortus is a gram negative, facultative
intracellular pathogen that can survive in a variety of host
cells, particularly within mononuclear phagocytic cells
(macrophages)

(Smith an Ficht, 1990).

Although macrophages

have the ability to destroy pathogens, B. abortus is
resistant to intracellular bactericidal mechanisms (PomalesLebron and Stinebring, 1957).

In fact, the intracellular

niche provided by the macrophage may afford protection to
the bacteria from other host bactericidal mechanisms. The
macrophage thus plays a pivotal role in the pathogenesis of
brucellosis by either destroying B. abortus or by
contributing to its survival (Young and Borchert, 1985).
Natural protection against many intracellular and
facultative pathogens depends on nonspecific macrophage
function which is under genetic control (Skamene and Gros,
1982; Crocker and Blackwell, 1984; O'Brien and Rosenstreich,
1980; Rosenstreich, 1982).

Natural resistance of mice to

infections with Salmonella typhimurium. Leishmania donovani.
and Mycobacterium bovis

is regulated by genes Itv. Lsh. and

Bcgr (Skamene and Gros, 1982).
Ho and Cheers (1982) demonstrated a genetic basis of
resistance to chronic B. abortus infection in mice, but did
not demonstrate a direct association of resistance with
macrophage function.

They suggested that in addition to
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variations in specific immune response in these mice, there
could be deficiencies in the nonspecific immune response,
possibly in production or in chemotactic activity of
macrophages.

Bovine mammary macrophage brucellacidal

activity has been associated with resistance to B. abortus
infection both prior to and after challenge with virulent B.
abortus. but specific genes responsible for resistance have
not been identified (Harmon and Templeton, 1985; Harmon and
Adams, 1988; Harmon and Adams, 1989; Price and Templeton,
1990).
The interaction of B. abortus with mice and guinea pig
neutrophils and macrophages, human and bovine neutrophils,
and bovine mammary gland macrophages has been studied.

Much

knowledge of the pathogenic mechanisms and of the protective
immunobiology of brucellosis has been based on studies in
mice.

This species is not the natural host of Brucella

abortus. and the immune response to B. abortus differs from
one species to another (Smith and Templeton, 1990).

Humoral

immunity is more protective in mice than in cattle (Araya
and Winter, 1990).

Normal bovine serum is more

brucellacidal than normal guinea pig serum (Nielson and
Heck, 1987).

Human neutrophils are more bactericidal than

guinea pig neutrophils to both smooth and rough strains of
Brucella abortus (Kreutzer and Dreyfus, 1979).
The most relevant animal model for studying the
pathogenic mechanisms of B. abortus infection is the primary

41

host of the bacteria, i.e., cattle.

MacRae and Smith (1964)

studied the behavior of B. abortus in cattle leukocytes.
Significant differences in killing activity were not
detected for peripheral blood "buffy coat" cells obtained
from normal and from immune cattle.

Most of the recent

investigators have used bovine neutrophils (Frost and Smith,
1972; Riley and Robertson, 1984a,b; Canning and Roth, 1985,
Bertram and Canning, 1986; Canning and Roth, 1986, Canning
and Deyoe, 1988).

Bovine and human neutrophils were tested

against smooth and rough strains of B. abortus which differ
in virulence and survival within the neutrophils. Both
strains were phagocytized equally well, but the smooth
strain was better able to resist intracellular killing
(Riley and Robertson, 1984).
Bactericidal activity of bovine mammary gland
macrophages from cattle exposed to B. abortus has been
evaluated.

Macrophages from challenged, noninfected cattle

had significantly greater bacteriostatic activity against B.
abortus than did macrophages from challenged, infected
cattle.

However, mammary macrophages are likely to be

previously activated by the environment of the mammary gland
(Litner and Eberhart, 1990), and concurrent chronic
brucellosis in the susceptible cows could not be eliminated
as a possible cause of suppression of macrophage function in
these studies (Harmon and adams, 1989).

Price (1990) has

explored the possible correlation of the B. abortus killing
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ability of mammary macrophages and monocyte-derived
macrophages to the natural resistance or susceptibility of
cows prior to challenge with B. abortus.

These data suggest

mononuclear phagocytes from cattle which subsequently proved
resistant to challenge are superior in their ability to
control intracellular replication of B. abortus.
The process of nonimmune killing of B. abortus by
macrophages consists of attachment to the phagocytic cell
via ligands on the particle surface to receptors on the cell
surface, phagocyte pseudopod extension and ingestion of
bacteria, production of oxygen metabolites and release of
lysosomal contents, and eventual killing.

Information on

possible mechanisms of resistance to bovine brucellosis is
limited, but each of the above steps may be involved.

No

studies have attempted to correlate phagocytosis,
intracellular survival, and oxidant production in bovine
monocyte-derived macrophages exposed to Brucella abortus as
these cellular activities relate to innate resistance.
The primary objective of this study was to examine
differences in phagocytosis and intracellular survival of
Brucella abortus using bovine monocyte-derived macrophages
stimulated with B. abortus opsonized with autologous,
reactor, and fetal bovine sera.

The second objective was to

examine the distribution of a population of B. abortus-naive
cows by these macrophage functions.
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MATERIALS AND METHODS

Animals:
Ten non-gravid, mature, mixed-breed, cows were used for
these studies.

These animals had not been vaccinated for B.

abortus and had tested negative by the serological card test
and complement fixation test for B. abortus prior to and
during this study.

Cows were assigned individual

identification numbers and placed on a herd health program
including vaccinations for common bacterial and viral
diseases and treated regularly for internal parasites.
Animals were maintained on pastures and supplemented with
mineral blocks and a high quality maintenance ration.

Macrophage Culture and Preparation:
Two liters of blood from each cow were drawn into 2X acid
citrate dextrose anticoagulant at a ratio of 10:1.

The

anticoagulated blood was spun in a refrigerated centrifuge
at 20°C at 1000 g for 30 minutes.

The buffy coat was

removed and diluted 1:1 in calcium and magnesium free,
phosphate buffered saline, pH 7.2, (PBS-CMF), layered over
Ficoll-Histopaque 1.077 (Sigma Chemical Co., St. Louis, MO)
and centrifuged at 20° C at 1000 g for 45 min to separate
neutrophils and erythrocytes from mononuclear cells (Boyum,
1968; Barta and Shaffer, 1984).

The mononuclear cell layer

was aspirated and washed 6 times with PBS-CMF, for 10 min at
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200xg to allow for separation of the platelets from the
leukocytes.

Cells from the mononuclear layer were counted

and 109 cells were placed into tissue culture flasks (Costar
Corp., Cambridge, MA) containing 35 ml of M199 tissue
culture media (Gibco Laboratories, Grand Island, NY)
supplemented with 10% endotoxin free fetal bovine serum
(Sigma Chemical CO., St. Louis, MO).

After incubation at

37° C with 5% C02 for 60 min, nonadherent cells and media
were decanted into another tissue culture flask, and fresh
media with 10% fetal bovine serum added to the flasks
containing adherent cells.

After incubation for an

additional 24 hrs, the media were decanted from all flasks,
and the remaining adherent cells were gently washed with
PBS-CMF.

Approximately 20 ml of media were pipetted into

each flask and the adherent cells were gently scraped from
the bottom of the flasks using a plastic cell scraper
(Costar Corp., Cambridge, MA).

The scraped cells were

washed in PBS-CMF and resuspended at 5 X 107 cells/ml PBSCMF.

Recovered cells were identified as macrophages based

on morphological features, adherence to plastic and
nonspecific esterase staining (Koski and Poplack, 1976; Yang
and Jantzen, 1979; Wehle and Pfitzer, 1988).

Ninety-five

percent of the recovered cells were mononuclear as
determined by Wright's stained cytospin preparations; 85-90%
were viable as determined by exclusion of 0.2% trypan blue;
and 80-85% were nonspecific esterase positive.
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Bacteria:
Brucella abortus (virulent smooth strain 2308) used for
these assays was supplied by Dr. B.L. Deyoe, US Department
of Agriculture, NADC, Ames, Iowa.

The bacteria were grown

in tryptose broth (Difco, Detroit, MI) in 8% C02 for 72 hrs,
then washed twice in PBS-CMF. One ml aliquots were frozen as
stock at -70°C

in tryptic soy broth with a protectant of 1%

gelatin and 25% horse serum.

To quantitate the number of

bacteria/ml, a sample was thawed, serially diluted, and
plated onto tryptose agar plates.

Phagocytosis and Intracellular Survival:
The assay for evaluating phagocytosis and
intracellular survival of B. abortus using blood monocytederived macrophages was adapted from a procedure used by
Gallego and Cuello (1989).

Fetal bovine serum, reactor

serum, and fresh normal serum from 10 B. abortus-naive cows
were used as opsonins for B. abortus.

Both phagocytosis and

intracellular killing assays contained 750 pi macrophage
suspension,

(5-50 X 106 cells/ml in HBSS with 0.1% gelatin),

and 750 nl of a suspension of B. abortus in a ratio of one
bacterium to one macrophage.

To this was added 150 jil of

either autologous sera, fetal bovine serum, or reactor
serum.

Suspensions of bacteria in HBSS with and without

sera were used as a control for the phagocytosis assay.
assays were conducted in duplicate.

Suspensions were

All
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incubated in a continuous rotation (90 rpm) water bath at
37°C.

Phagocytosis Assay -

Aliquots (500 fxl) of the

suspension were removed immediately after mixing (Time 0)
and after incubation for 120 minutes (Time 120 min), were
added to 1 ml cold gelatin-HBSS to stop phagocytosis, and
were centrifuged for 4 min at H O x g to sediment the
macrophages and cell-associated bacteria.

Serial 10-fold

dilutions were made of the non cell-associated bacteriacontaining supernatant and five 10 jil drops of each dilution
were placed individually on tryptic soy agar plates.
Following absorption of the drops into the agar, plates were
inverted and incubated in 8% C02 at 37°C for 72 hr.
Dilutions yielding between 10 and 100 colony counts were
used for calculations.

Colony forming units (CFU) from the

5 drops were averaged for each duplicate.

Intracellular Survival Assay -

Phagocytosis of the

bacteria was stopped after incubation at 37°C for 30 min by
placing the assay tubes in a container of crushed ice and
shaking the tubes for 1 min.

The suspension was then

centrifuged for 4 min at H O x g and the supernatant fluid
containing non-cell-associated bacteria was decanted.

The

sediment containing macrophages and cell-associated bacteria
was washed twice with gelatin-Hanks solution and resuspended
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in 1 ml Hanks solution with 10% of the serum being tested.
After washing, acridine orange cytospin preparations of the
cells were examined to verify removal of extracellular
bacteria.

Suspensions were reincubated in a rotating (90

rpm) water bath at 37°C.

After removing the extracellular

bacteria (time 0) and after 120 minutes of further
incubation, a 500 fil sample was removed and added to 500 jxl
of ice cold HBSS to stop the intracellular killing.

The

sample was then centrifuged for 4 min at H O x g and the
supernatant removed.

The macrophages were lysed by the

addition of 1 ml cold buffered distilled water and sonicated
(Heat Systems-Ultrasonics, Inc., Farmingdale, NY) at a
previously determined setting of 5 for 15 sec which
disrupted macrophages while leaving bacteria intact.

Serial

10-fold dilutions of the sample were made in HBSS, plated
onto tryptic agar plates, and incubated.

Colony forming

units were counted as previously described.
Results of both the phagocytosis and intracellular
survival assays were calculated by the formula:
Percent Survival*
CFU of Bacteria After Incubating For 120 Minutes

X 100

CFU of Bacteria at Time 0 Minutes

Statistical Analyses:
Data were evaluated by analysis of variance utilizing a
Statistical Analyses System program (SAS, Inc., 1985).

Scheffe's multiple range test was used to determine
significance of difference in phagocytosis and intracellular
survival assays among treatments of bacteria, at the level
of p < 0.05.

Shapiro-Wilkes test of normality was used to

analyze the distribution of B. abortus killing by
macrophages from individual cows (Steel and Torrie, 1980).

RESULTS

The ability of macrophages from B. abortus-naive cows to
phagocytize B. abortus opsonized by autologous serum or
reactor serum was greater (p < 0.05) than for bacteria
opsonized with fetal bovine serum (Fig. 1, Table 1).
Percent survival of bacteria in controls (10% naive sera or
fetal bovine sera without macrophages) was less than percent
survival of bacteria with 10% naive sera or fetal bovine
serum and macrophages.

Percent survival of bacteria in the

control with 10 % reactor serum alone approximated that in
assays with macrophages.
Macrophages were unable to kill B . abortus opsonized
with fetal bovine serum; the number of CFU of bacteria
within phagocytes actually increased.

The mean number of B.

abortus opsonized with autologous or reactor serum decreased
slightly by 120 minutes; however, the difference between
survival in these sera and fetal bovine sera were not
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significant (Figure 2, Table 2).
The phagocytosis and killing activities of macrophages
from the 10 individual cows toward B. abortus opsonized with
autologous, reactor, and fetal bovine serum were normally
distributed, with all animals falling within +/- 1.5 SEM of
the mean.

DISCUSSION

B. abortus opsonized with autologous or reactor serum
were phagocytized better than bacteria opsonized with fetal
bovine serum (Figure 1).

This difference could be related

to the presence of complement in autologous and reactor
sera, but not in fetal bovine serum (Rice and Silverstein,
1964).

B. abortus can activate the complement cascade, but

the pathway and method of activation is not known (Hoffman
and Houle, 1983; Corbeil and Blau, 1988).

Attachment and

phagocytosis via the C3b receptor on the surface of the
macrophage would explain the increase in phagocytosis when
the bacteria were opsonized with sera containing complement.
B. abortus may also be bound to macrophages via lectins, and
lectin binding could be augmented by complement binding in
the autologous and reactor sera.

The percent survival of B.

abortus in serum alone was less than in serum and
macrophages indicating that cells provide an unexplained
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protective mechanism for bacterial survival.

Theories to

explain this protective mechanism would include interference
with the serum killing mechanism, or macrophage production
of a protective factor or growth factor for Brucella.

The

more likely explanation would be macrophage interference
with serum killing by fixing complement on the phagocyte
surface, making it unavailable for binding to and lysing the
bacteria.
Significant differences were not found in the ability of
B. abortus opsonized with autologous, reactor, or fetal
bovine sera to survive within macrophages.

Opsonification

with sera containing complement had no significant effect on
the survival of the bacteria once phagocytized, indicating
that although opsonification enhanced phagocytosis, it did
not have a significant effect on intracellular survival of
B. abortus.

These findings indicate that enhancement of

phagocytosis may facilitate survival of B. abortus.
Phagocytosis and intracellular survival of B. abortus
with macrophages from the 10 cows in our study were normally
distributed when the bacteria were opsonized with autologous
sera, reactor serum, or fetal bovine sera.

Outlying

animals, based on these macrophage functions, were not
detected. It is possible that a correlation between
phagocytosis or intracellular survival and innate resistance
could be detected after challenge of the cows with B.
abortus.

Outlying cows, based on these macrophage functions,
were not identified.

Previous studies have reported greater

bacteriostatic activity against B. abortus opsonized with
antiserum by mammary macrophages from previously challenged
resistant cows (Harmon and Adams, 1989; Price and Templeton,
1990).

Price used monocyte-derived macrophages from 4

heifers and 18 bulls when conducting assays prior to
challenge and was able to identify approximately 50%
resistance prospectively (1990).
were all mature cows.

Our experimental animals

B. abortus has a marked tropism for

the placenta of pregnant animals (Smith, 1990), thus the
better test for resistance is performed on female cattle.
Price (1990) evaluated only 4 cows for prechallenge studies,
but these results are not listed or calculated separately
from the herd as a whole.

The cattle used in this study

were possibly from an inbred population, because the rate of
innate resistance in this group was 72.7%.

Reports of

innate resistance in outbred populations of cattle have not
exceeded 35% (Deyoe and Dorsey, 1979; Davies and Cocks,
1980; Garcia-Carrillo, 1980; Harmon and Templeton, 1985).
Differences between the results of the present and
previous studies may also be attributed to differences in
assay systems.

Previous studies used incubation periods

from 18 to 76 hr for assays of intracellular survival and
14.3 nq streptomycin/ml media to kill nonphagocytized
bacteria (Harmon and Adams, 1988; Harmon and Adams, 1989;
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Price and templeton, 1990).

Long incubation periods in

vitro should result in cellular damage after infection with
any microorganism (Smith and Ficht, 1990).

In the absence

of antibiotics or normal serum, organisms escaping from
damaged cells would replicate extracellularly in such long
time periods and alter the results of colony counts, causing
macrophages to appear less capable of killing.

The time

points in our assays were short enough that active lysis of
macrophages was unlikely.

There is still debate about

extracellular and intracellular effects of using antibiotics
such as gentamicin and streptomycin to kill extracellular
bacteria, although most agree that with concentrations in
the range of 1 to 10 ug/ml there should be little killing of
intracellular bacteria (Smith and Ficht, 1990).

The

cells

in the present studies were washed to remove extracellular
bacteria, and to verify removal of the bacteria by direct
examination of the cell preparation stained with acridine
orange.

Washing was effective in removing non-cell-

associated bacteria, as indicated by our direct
examinations, but would most likely allow bacteria attached
to the cells to remain in the assay suspension.

These few

cell-associated bacteria could possibly falsely increase
apparent phagocytosis or falsely increase apparent
intracellular survival of the bacteria.
Bovine monocyte-derived macrophages phagocytized B.
abortus opsonized with autologous sera significantly better
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than bacteria opsonized with reactor or fetal bovine serum.
However, after phagocytosis there was no significant
difference in the ability of bacteria opsonized with
autologous, reactor, or fetal bovine sera to survive.

There

was no correlation between the ability of the macrophages to
phagocytize and to kill B. abortus.

Potentially innately

resistant cows were not identified based on the ability of
their macrophages to phagocytize or kill B. abortus.

Table 1. Phagocytosis of B. abortus Opsonized with
Autologous Sera (AS), Reactor Serum (RS),
or Fetal Bovine Serum (FBS) by Bovine
Monocyte- Derived Macrophages. Results are
expressed as percent non-cell-associated
bacteria remaining in suspension after
120 min.

Percent Bacteria Remaining In Suspension
Opsonized Brucella abortus
Animal
ID

AS**

RS**

FBS

Ctl**
(MS)

73

69.6

150.9

96.8

39.9

99

47.4

60.0

69.5

40.7

119

49.4

65.9

90.6

43.8

121

34.5

58.3

110.7

32.1

125

23.6

15.7

110.2

26.6

126

108.2

137.1

254.1

22.5

135

23.1

71.4

112.8

63.4

139

23.4

39.7

93.0

32.0

144

55.8

77.4

109.0

29.7

148

9.1

34.9

168.2

10.6

122

34

53.0

14.1

Mean

44

71

SEM

28.9

42.7

* Denotes significant difference from macrophage
phagocytosis of B. abortus opsonized with FBS.
** Additional controls: means of percent survival of
bacteria with only 10% reactor serum = 78; with 10%
FBS = 86; with buffer alone = 136.

55

Table 2.

Intracellular Survival of Brucella
abortus Opsonized with Autologous
Sera, Reactor Serum, or Fetal Bovine
Serum in Bovine Macrophages. Results
expressed as percent survival after
120 minutes. No significant
differences noted.

Percent Survival of Bacteria

Opsonized Brucella abortus
Animal
ID

Autologous
sera

Fetal Bovine
Serum

Reactor
Serum

73

32.26

187.50

110.14

99

98.97

177.09

79.31

119

150.30

98.01

95.92

121

60.09

125.98

100.35

125

54.61

115.03

72.57

126

41.88

146.24

109.39

135

99.03

119.46

135.35

139

143.28

77.39

104.46

144

220.93

68.75

44.72

148

56.53

122.25

94.68

Mean

95.79

123.77

94.69

59.96

38.52

26.63

SEM
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Figure 1. Phagocytosis of B. abortus Opsonized
with Autologous Sera, Reactor Serum,
or Fetal Bovine Serum by Bovine
Monocyte-Derived Macrophages. Results
are percent of non-cell-associated
bacteria remaining in suspension after
120 min. and are means from 10 animals.
Significant difference from phagocytosis
of bacteria opsonized with fetal bovine
serum denoted by *.
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Figure 2.

Intracellular Survival of B. abortus
Opsonized with Autologous, Reactor,
or Fetal Bovine Sera After
Phagocytosis by Bovine Macrophages.
Results are expressed as means from
10 animals.

CHAPTER IV

OXIDANT PRODUCTION BY BOVINE PERIPHERAL
BLOOD MONOCYTE-DERIVED MACROPHAGES AND
NEUTROPHILS EXPOSED TO STIMULANTS
INCLUDING BRUCELLA ABORTUS STRAIN 2308

ABSTRACT

Oxidant production by bovine monocyte-derived
macrophages and neutrophils was compared after stimulation
with phorbol myristate acetate (PMA), opsonized zymosan
(OZ), and B. abortus opsonized with naive-autologous,
reactor, or fetal bovine sera.

Neutrophils were faster to

respond to all stimuli and produced up to 100 fold greater
oxidant than did equal numbers of bovine monocyte-derived
macrophages.

Macrophages and neutrophils stimulated with

PMA, OZ and reactor opsonized B. abortus had higher mean
oxidant production than phagocytes exposed to B. abortus
opsonized with autologous sera, fetal bovine serum, or
nonopsonized bacteria. Macrophage oxidant production was
significantly higher only for PMA.

Differences in quantity

of oxidant produced when macrophages were stimulated with
opsonized zymosan, B. abortus opsonized with autologous
sera, reactor serum, fetal bovine serum, or buffer were not
58
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significant.

INTRODUCTION

Mononuclear phagocytes readily kill many infectious
agents, even in a nonimmune host (Beaman and Beaman, 1984).
There are several critical steps in this process of
nonimmune killing by the host's macrophages: attachment to
the phagocytic cell via ligands on the particle surface to
receptors on the cell surface; phagocyte pseudopod extension
and ingestion of the agent; production of oxygen
metabolites, release of lysosomal contents and eventual
killing.

The virulence of many organisms depends on their

resistance to the intracellular bactericidal activity.
Information on possible mechanisms of resistance to bovine
brucellosis is limited, but each of these steps may
potentially be involved.
Oxidant production has recently been directly correlated
with killing of B. abortus in the mammary macrophage (Harmon
and Adams, 1988; 1989).

However, this correlation may

result from the relationship between the activation of the
mammary macrophage and oxidant production, rather than from
the importance of oxidant production to the killing of the
microorganism (Nathan and Root, 1977).

Oxidant production

from phagocytes is possible without phagocytosis or killing
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of microorganisms (Goldstein and Roos, 1975; Rossi and
Bellavite, 1980).
Oxygen-dependent brucellacidal activity in neutrophils is
dependent on concentrations of myeloperoxidase, H202, and KI
(Canning and Roth, 1985).

B. abortus releases 2 components,

5'-guanosine monophosphate and adenine, that inhibit the
myeloperoxidase antibactericidal system by inhibiting
degranulation in neutrophils (Canning and Roth, 1985; 1986;
Bertram and Canning, 1986).

Oxygen-dependent mechanisms are

presumably responsible for the brucellacidal activity of
bovine neutrophils (Riley and Robertson, 1984), but the
importance of these mechanisms to killing of B. abortus by
peripheral blood monocyte-derived macrophages is unknown.
The presence of peroxidase in macrophages is controversial
and the role of the myeloperoxidase-halide system in the
microbicidal activities of macrophages is not clear.
Peroxidase is detected more readily in the immature monocyte
than in the macrophage (Karnovsky an Lazdins, 1978; Sasada
and Kubo, 1987).

Activity either has not been found or it

has been found at very low levels in macrophages (Hocking
and Golde, 1979).
The objectives of this study were:

(1) to measure and

compare oxidant production by bovine peripheral blood
monocyte-derived macrophages and neutrophils activated by
B. abortus and other stimuli, and (2) to relate the oxidant
production by monocyte-derived macrophages to the killing of
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B . abortus by these macrophages based on their high or low
oxidant production.
MATERIALS AND METHODS

Animals:
Ten non-gravid, mature, mixed-breed cows were used.
These animals had not been vaccinated for B. abortus and had
tested negative by the serological card test and complement
fixation test for B. abortus prior to and during these
studies.

Cows were assigned individual identification

numbers and placed on a herd health program including
vaccinations for common bacterial and viral diseases and
treated regularly for internal parasites.

Animals were

maintained on pastures and supplemented with mineral blocks
and a high quality maintenance ration.

Cell Culture and Preparation:
Two liters of blood from each cow were drawn into 2X acid
citrate dextrose anticoagulant at a ratio of 10:1 (Roth,
1981).

The anticoagulated blood was spun in a refrigerated

centrifuge at 20°C at lOOOxg for 30 minutes.

The buffy coat

was removed and diluted 1:1 in calcium and magnesium free,
phosphate buffered saline, Ph 7.2, (PBS-CMF) layered over
Ficoll-Histopaque 1.077 (Sigma Chemical Co., St. Louis, MO)
and centrifuged at 20° C at lOOOxg for 45 min to separate
neutrophils and erythrocytes from mononuclear cells (Barta

and Shaffer, 1984; Boyum, 1968).

The red cells were removed

from the layer containing neutrophils by lysing in cold,
phosphate buffered, distilled water for 50 seconds at a
ratio of 2 parts water to 1 part cell suspension.
Isotonicity was restored by adding an equal volume of 2.7%
phosphate buffered saline (Roth and Kaeberle, 1981).

The

neutrophil suspension was washed once with PBS-CMF, then
resuspended to 5.0 X 107 cells/ml in PBS-CMF and
refrigerated until use within 1 hr. The mononuclear cell
layer was harvested and washed 6 times with PBS-CMF by
centrifuging for 10 min at 200xg to sediment leukocytes from
platelets.

Cells from the mononuclear layer were counted

and 109 cells were placed into tissue culture flasks (Costar
Corp., Cambridge, MA) containing 35 ml of M199 tissue
culture media (Difco, Detroit, MI) supplemented with 10%
endotoxin free fetal bovine serum (Sigma Chemical Co., St.
Louis, MO) .

After incubation at 37°C with 5% C02 for 60 min,

nonadherent cells and media were decanted into another
tissue culture flask, and fresh media with 10% fetal bovine
serum added to the flasks containing adherent cells.

After

incubation for an additional 24 hrs, the media were decanted
from all flasks, and the remaining adherent cells were
gently washed with PBS-CMF.

Approximately 20 ml of media

were pipetted into each flask and the adherent cells were
gently scraped from the bottom of the flasks using a plastic
cell scraper (Costar Corp., Cambridge, MA).

The scraped
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cells were washed in PBS-CMF and resuspended to 5 X 107
cells/ml in PBS-CMF.

Recovered cells were identified as

macrophages based on morphological features, adherence to
plastic and nonspecific esterase staining (Koski and
Poplack, 1976; Yang and Jantzen, 1979; Wehle and Pfitzer,
1988).

Ninety-five percent of the recovered cells were

mononuclear as determined by Wrights stained cytospin
preparations;, 85-90% were viable as determined by exclusion
of 0.2% trypan blue; and 80-85% were nonspecific esterase
positive.

Bacteria:
Brucella abortus (virulent, smooth strain 2308) was
supplied by Dr. B.L. Deyoe, US Department of Agriculture,
NADC, Ames, Iowa.

The bacteria were grown in tryptose broth

(Difco, Detroit, MI) in 8% C02 for 72 hrs, then washed twice
in PBS-CMF. One ml aliquots were frozen as stock at
-70°C in tryptic soy broth (Difco, Detroit, MI) with a
protectant of 1% gelatin and 25% horse serum (Gibco
Laboratories, Grand Island, New York).

To quantitate the

number of bacteria/ml, a sample was thawed, serially
diluted, and plated onto tryptose agar plates.
For use in spectrofluorometric assays, Brucella abortus
at a concentration of 2.5 X 107/ml in tryptose broth were
lethally irradiated at 138mR/min for 8 hr using a “Co
source.

One-ml aliquots were frozen as stock at -70°C.
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Opsonification of Bacteria:
Bacteria were opsonized with fetal bovine serum, reactor
serum, and serum from each of the cows.

The bacteria were

incubated in Hanks balanced salt solution (HBSS)

(Sigma

Chemical Co., St. Louis, MO) plus 0.1% gelatin and 10% of
the specified serum for 15 min in a 37° continuous rotation
(90 rpm) water bath (Canning, 1988).

After opsonification,

the bacteria were washed and resuspended by sonicating (Heat
Systems-Ultrasonics, Inc., Farmingdale, NY) at a sublethal
setting of 5 for 15 sec.

Stimulants:
Phorbol myristic acetate (PMA)

(Sigma Chemical Co., St.

Louis, MO) was dissolved in dimethyl sulfoxide to a
concentration of 2.0 mg/ml and stored at -20° C as a stock
solution.

Opsonized zymosan (OZ) was prepared by incubating

zymosan A (Sigma Chemical Co., St. Louis, MO) with fresh
bovine serum (Roth and Kaeberle, 1981), and was resuspended
to a final concentration of lOmg zymosan/ml in HBSS, divided
into 2 ml aliquots, and frozen at -70° C until used.

The

final concentration for each stimulant in solution with
neutrophils and macrophages was: opsonized B. abortus, 1 X
107 CFU/ml; PMA, 1.0 jug/ml; OZ, 1.0 mg/ml.
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Kinetic Assay for Oxidant Production by Macrophages and
Neutrophils:
Oxidant production in response to stimulus was measured
for macrophages and neutrophils from 10 and 6 of the cows
respectively.

Oxidant assays were performed using a SLM

8000C photon-counting spectrofluorometer (SLM Instruments,
Inc., Urbana, IL), with two photomultiplier tubes at a 45°
angle optics formation and a stirred, temperature controlled
(37°C), 4 sample chamber with an injection port.

Oxidant

production was measured as previously described (Hyslop and
Sklar, 1984).

When appropriately stimulated, neutrophils

and macrophages produce superoxide anion which in the
presence of superoxide dismutase (Sigma Chemical Co., St.
Louis, MO) is converted to hydrogen peroxide (H202) .

The H202

then oxidizes p-hydroxyphenylacetate (PHPA) (Sigma Chemical
Co., St. Louis, MO), in the presence of horseradish
peroxidase (Sigma Chemical Co.,St. Louis, MO) to a
fluorescent product, PHPA2.

This fluorescent product, when

excited at 322 nm, emits light at 400 nm.

Each cuvette

contained 2.0 ml of HBSS, 5 X 106 neutrophils or
macrophages, and 60 /zl of a cocktail made by combining
superoxide dismutase stock solution (8.0 mg/ml PBS),
horseradish peroxidase stock solution (8.0 mg/ml PBS), and
PHPA stock solution (10.0 mg/ml PBS) at a ratio of 10:10:25,
respectively.

The cuvettes were warmed to 37°C and the

appropriate stimulant was added 20 seconds after the
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initiation of the assay.

The excitation wavelength was 322

nm and the emission wavelength was 400 nm.

Light emission

was integrated for 1 sec and plotted at 2 second increments
for 1600 seconds.

A standard curve was prepared daily by

measuring the fluorescence intensity of a cocktail
containing known amounts of H202.

Phagocytes in the reaction

cocktail stimulated by 100 nl of HBSS or B. abortus
opsonized with fetal bovine serum served as negative
controls.

The results were expressed as nanomoles of H202

produced per 5 X 106 macrophages or neutrophils at 1600
seconds.

Statistical Analyses:
Data were evaluated by analysis of variance utilizing a
Statistical Analysis System program (SAS).

Scheffe's

multiple range test was used to determine the significance
of difference among stimulants used for oxidant production.
The relationship of oxidant production to intracellular
killing was analyzed by Pearson correlation analysis (Steel
and Torrie, 1980).

Intracellular killing of B. abortus by

these macrophages has been reported (Bounous, 1990).

RESULTS

The mean amount of oxidant production by bovine

neutrophils was 5 - 110 times greater than oxidant
production by equal numbers of bovine macrophages when
stimulated with PMA, OZ, or opsonized B. abortus (Tables 1
and 2).

Phagocytes produced more oxidant when stimulated

with B. abortus opsonized with reactor serum than with
bacteria opsonized with other sera.

Macrophage oxidant

production in response to B. abortus. opsonized and
nonopsonized, was less than neutrophil oxidant production.
Macrophages produced significantly more oxidant (p <0.05)
when stimulated with PMA than with any of the other
stimulants.

Viability of phagocytes at the completion of

each set of assays corresponded with original viability as
determined by exclusion of trypan blue dye.
The lag periods after stimulus by PMA and OZ for
neutrophils were approximately 110 sec and 50 sec, and for
macrophages 250 sec and 150 sec, respectively.

Phorbol

myristate acetate was a stronger stimulant of oxidant
production by both bovine neutrophils and macrophages than
was OZ.

Stimulation by PMA was followed by a longer lag

period, but a faster increase in product formation.

When

macrophages were stimulated by B. abortus, oxidant
production was not detectable until approximately 700 sec
(12 min) post stimulation (Fig.3).

Oxidant production by

neutrophils stimulated with B. abortus was detected at
approximately 100 sec (Fig.4).
The quantity of oxidant produced by macrophages when

exposed to the 6 stimulants is listed in Table 1.

Oxidant

production by macrophages from the 10 cows when activated by
each of the 6 stimulants had a normal distribution.

Cows

#73, 99, 126, and 135 were identified as falling outside +/2 sd of the mean based on quantity of oxidant produced in
response to one or more stimuli (Table 1).
No correlation, linear association, nor causality was
ound between oxidant production and intracellular survival
of B. abortus.

DISCUSSION

Bovine neutrophils were more active on a per cell
basis with respect to both kinetics and quantity of oxidant
produced, regardless of the type of stimulation.
Neutrophils and monocyte-derived macrophages were similar in
their relative responses to various stimuli.

Mean oxidant

production was higher following stimulation by PMA, OZ, or
reactor serum-opsonized B. abortus than following other
stimuli.

Reactor serum-opsonized B. abortus stimulated

greater mean oxidant production than B. abortus opsonized by
autologous sera or fetal bovine serum or nonopsonized B.
abortus.
Studies with bovine pulmonary macrophages stimulated with
PMA, OZ, and opsonized P. haemolvtica found a negative
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correlation between the amount of oxidant produced and
decreases in viability of macrophages, i.e., as viability
decreased, oxidant production increased (Dyer, 1985).
Decreases in viability of phagocytes at the completion of
each set of assays in the present studies were not detected.
Phorbol myristate acetate caused the greatest quantity of
oxidant production by both neutrophils and monocyte-derived
macrophages.

This stimulus activates protein kinase C, and

protein kinase C activity has been shown to be important for
the oxidative burst of macrophages (Babior, 1981; Johnston,
1981; Johnston and Kitagawa, 1985).

The tumor-promoting

phorbol esters have a molecular structure that is very
similar to that of diacylglycerol and serve as analogues
capable of directly activating protein kinase C both in
vitro and in vivo (Kikkawa and Nishizukak, 1986; Sandborg
and Smolen, 1988).

Phorbol myristate acetate (PMA)

stimulation is independent of cell surface receptors (Niedel
and Kuhn, 1983; Nishihira and O'Flaherty, 1985; Omann and
Allen, 1987) and may activate the membrane bound NADPH
oxidase more directly.

This mechanism bypasses several

steps in activation of the respiratory burst, while OZ and
B. abortus stimulate oxidant production by surface
phenomena.

This difference in the mechanism of stimulation

may explain the longer lag period for opsonized zymosan and
B. abortus.
Oxidant production by neutrophils stimulated with reactor
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serum-opsonized B. abortus was greater than when stimulated
by OZ.

The reverse was true for monocyte-derived

macrophages.

Perhaps surface receptors respond differently

on the two cell types.

Opsonized zymosan is a particulate

stimulant that binds to surface receptors and stimulates a
receptor mediated signal transduction pathway (Roos and Bot,
1981).

Zymosan activates the C3b fragment of serum

complement.

Both neutrophils and macrophages have 2

distinct cell surface receptors for C3 which mediate the
binding of particles coated with C3b and iC3b.
Variations were detected in the abilities of monocytederived macrophages and neutrophils from individual cows to
produce oxidant when activated with various stimulants.
Monocyte-derived macrophages from four cows produced oxidant
greater than 2 sd from the mean.

The oxidant production,

however, was not significantly correlated (r = -0.07995, p
>0.05) with the killing of B. abortus by the macrophages
from the cows (Chapter III).

These animals must be

challenged with B. abortus inoculation to determine the
relation of macrophage oxidant production with resistance to
B. abortus.
Monocyte-derived macrophages released little oxidant when
exposed to nonopsonized bacteria or bacteria opsonized with
naive or fetal bovine sera in comparison to that produced
when macrophages were exposed to antisera-opsonized
bacteria.

Bacterial affinity for the bovine phagocyte is
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increased in the presence of specific antisera because of
availability of binding to the Fc receptor (Fleit and Lane,
1987).

Enhanced binding of bacteria opsonized with antisera

to phagocyte surfaces in the present study resulted in
increased activation signals to the cell and increased
oxidant production.

However, the increase in oxidant

production by stimulus with antisera-opsonized bacteria was
not statistically significant.
In previous studies with bovine mammary gland
macrophages from resistant and susceptible cattle, a
significant increase in chemiluminescence stimulation was
detected with nonspecific or anti-Brucella lacteal
antibodies.

No significant differences were detected when

mammary macrophages were challenged with opsonized zymosan
or nonopsonized killed B. abortus (Harmon and Adams, 1989).
Canning (1988) found that B. abortus stimulated oxidative
metabolism of bovine neutrophils only if opsonized by fresh
or heated antiserum.
An explanation for discrepancies in significant oxidant
production by monocyte-derived macrophages compared to
mammary macrophages when stimulated with reactor-opsonized
B. abortus may be the increased activation state compared to
the inactive monocyte-derived macrophage.

Increased

activation in mammary macrophages is implied by more intense
nonspecific esterase staining (Wehle and Pfitzer, 1987) and
the presence of neutrophils or bacteria found even in
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nonlactating cows (Lintner and Eberhart, 1990).
We found that monocyte-derived macrophages challenged
with PMA or stimulants that interact with Fc or C3b
receptors produced the highest amounts of oxidant.
Neutrophils produced more oxidant when challenged with B.
abortus opsonized with antiserum than with OZ, the reverse
was true for monocyte-derived macrophages.

B. abortus

opsonized with antisera could have the Fc portion of
antibody and C3b fragments of complement available for
binding to respective receptors; opsonized zymosan would
have C3b fragments of complement; and B. abortus opsonized
with autologous-naive sera could have C3b fragment of
complement available for binding.
Although B. abortus fixes complement in the presence or
absence of specific antibody, it is not known whether the
C3b on the bacterial surface is exposed for interaction with
C3b receptors (Canning and Deyoe, 1988).

If C3b is not

exposed for binding on the surface of B. abortus, an
explanation for the discrepancy in binding of neutrophils
and macrophages could be that the receptors are under
different control mechanisms and act differently on the two
cell types.

Fc binding may more actively stimulate the

respiratory burst in neutrophils and C3b binding may
stimulate greater respiratory burst by macrophages.

If C3b

is not available for binding, the respiratory burst may be
reduced.

Engagement of macrophage Fc receptors by particle-bound
IgG virtually always leads to particle ingestion and oxidant
production (Ehlenberger and Nussenzweig, 1977; Shaw and
Griffen, 1981). In contrast, engagement of macrophage
complement receptors by particle-bound C3b, which always
mediates efficient particle binding, promotes particle
ingestion only by macrophages that have been physiologically
altered, and may or may not promote oxidant burst (Bianco
and Griffen, 1975; Ehlenberger and Nussenzweig, 1977;
Griffen, 1980; Shaw and Griffen, 1981).

Depending upon the

receptor engaged and the physiologic state of the phagocytic
cell, binding may or may not lead to phagocytosis and the
respiratory burst.
Macrophages from previously unexposed cows would not be
able to bind B. abortus via Fc receptors on the phagocyte
surface because specific antibodies would not be present.
Binding of B. abortus to macrophages from cows exposed to
the bacteria for the first time would necessarily be by
other receptors, i.e., C3b receptors, or via specific lectin
binding.

Potential innate resistance of cows to B. abortus

should be based on stimulation by agents other than B.
abortus opsonized with specific anti-Brucella serum.
Neutrophils were faster to respond to all stimuli and
produced up to 100 fold more oxidant than equal numbers of
bovine monocyte-derived macrophages.

PMA stimulated

significantly more oxidant production from macrophages than

did any other stimulant.

Stimulants that interact with Fc

or C3b receptors, OZ and fi. abortus opsonized with reactor
serum, consistently stimulated more oxidant production from
neutrophils and macrophages than bacteria opsonized with
other sera.

However, significant differences in amount of

oxidant produced when macrophages were stimulated with B.
abortus opsonized with autologous sera, reactor serum, fetal
bovine serum, or with buffer were not detected.

Stimulus

appears to be receptor specific, though not identical in
neutrophils and macrophages.

This data emphasizes the

meager response by oxidant production of macrophages to
stimuli in general.
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Table 1.

Oxidant Production by Bovine Macrophages*
Following Stimulus by Phorbol Myristate
Acetate (PMA), Opsonized Zymosan (OZ), or
Brucella abortus Opsonized with Reactor Serum
(RS), Autologous Sera (AS), or Fetal Bovine
Serum (FBS).

Stimulant

Opsonized B. abortush
Animal
ID
73

PMA

OZ

HBSS

RS

AS

FBS

NO
Sera

44.17*

19.09*

0.07

0.36

0.02

1.29

0.07

99

8.17

0.74

0.01

8.60*

0.84

0.03

1.12

119

1.09

3.97

0.08

0.79

0.37

0.00

0.08

121

3.63

1.36

ND

1.09

0.03

0.22

0.01

125

0.79

0.93

0.00

0.00

0.00

0.00

0.00

126

9.13

11.40

0.07

1.24

3.39*

0.01

0.21

135

6.78

4.93

1.73

3.10

1.99

2.75*

1.73*

139

9.03

2.07

ND

0.00

0.02

0.05

0.00

144

32.12

12.54

0.30

0.29

0.35

0.35

0.30

148

0.51

0.89

0.00

0.00

0.00

0.00

0.00

1.55d 0.70d

0.47d

0.35d

0.89

0.59

Mean**

11.54c

5.79cd

p.28

SEM

14.69

6.36

0.59

2.65

1.13

* nMol/106 macrophages in 1600 sec
b Irradiated prior to opsonification
* Identified as statistical outliers (value was >+2sd
from the mean)
cd Means with same letters are not significantly
different

Table 2. Oxidant Production by Bovine Neutrophils*
Following Stimulus by Phorbol Myristate
Acetate (PMA) Opsonized Zymosan (OZ), or
B. abortus Opsonized with Reactor Serum
(RS), Naive Sera (NS), or Fetal Bovine
Serum (FBS)

Stimulant
Opsonized B. abortusb

Animal
ID

PMA

OZ

RS

NS

FBS

138.65

4.31

15.48

2.64

1.75

115

86.20

19.41

171.55

5.98

3.85

117

440.24

65.37

184.17

10.43

27.43

125

215.91

33.87

62.91

73.81

33.66

144

44.93

35.10

31.67

22.28

14.80

148

179.91

45.78

15.32

9.71

2.74

Mean

184.31

33.97

80.18

20.81

14.04

127.6

19.2

71.0

24.5

12.6

75

SEM

* nMol/106 neutrophils in 1600 sec
b Irradiated prior to opsonification
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Figure 1-4.

Kinetic Assays of Bovine Phagocyte Oxidant
Production. The data are expressed as
fluorescence units versus time in seconds.
The figures are representative of the results
obtained for each of the cell types and
stimulants tested.
The stimulants were:
a) phorbol myristate acetate, PMA; b) opsonized
zymosan, OZ; c) Irradiated Brucella abortus
opsonized with autologous serum, IBr(A); or
reactor serum, IBr(R), or fetal bovine serum,
IBr(F), or nonopsonized,IBr(O); d) Hanks
balanced salt solution (HBSS).

Figure 1.

Kinetics of Oxidant Production from Bovine
Neutrophils and Macrophages Stimulated with
PMA and OZ.

Figure 2.

Kinetics of Oxidant Production from Bovine
Macrophages When Stimulated with PMA and OZ.

Figure 3.

Kinetics of Oxidant Production from Bovine
Macrophages When Stimulated with Opsonized
B. abortus.

Figure 4.

Kinetics of Oxidant Production from Bovine
Neutrophils When Stimulated with Opsonized
B. abortus.
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CHAPTER V

SUMMARY AND CONCLUSIONS

Macrophage function has been postulated to be an
important factor in innate susceptibility or resistance of
cattle to infection with B. abortus.

To prove the

importance of macrophages to innate resistance, macrophage
function must be characterized prior to challenge with B.
abortus.

However, few studies have been conducted in

Brucella naive cattle. The present in vitro studies
characterized functional activities of bovine monocytederived macrophages and serum killing from a naive
population of cows as relate to B. abortus.
Fresh normal bovine sera killed significantly more B.
abortus than reactor serum or fetal bovine serum.

Heat

treatment rendered all the sera incapable of significant
killing.

This indicates that complement, not specific

antibody, is responsible for brucellacidal activity of
serum.

The ability of sera from B. abortus-naive cows to

kill the bacteria was normally distributed, with all animals
within i 2 sd of the mean.
The ability of monocyte-derived macrophages from B.
abortus naive cows to phagocytize B. abortus and decrease
its intracellular survival, and to produce oxidant was
measured.

Phagocytosis of bacteria opsonized with
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autologous or reactor sera was significantly greater than
phagocytosis of bacteria opsonized with fetal bovine serum.
After phagocytosis, bacteria opsonized with autologous,
reactor, or fetal bovine serum displayed no differences in
ability to survive within monocyte-derived macrophages.

The

abilities of the macrophages to phagocytize and to kill B.
abortus were not significantly correlated.

Opsonification

is believed to enhance phagocytosis of organisms by
phagocytes, and could effect intracellular survival.

In

these studies, although bacteria opsonized with sera
containing complement and antibody were better phagocytized,
opsonification by these agents did not significantly alter
the intracellular survival of the organism.

These results

suggest that phagocytosis may be a protective mechanism in
B. abortus infection.

Phagocytosis and killing activities

of monocyte-derived macrophages from individual cows were
normally distributed.
Oxidant production by macrophages has traditionally been
intrepreted as an indication of phagocytosis and killing of
the organism.

Oxidant production by monocyte-derived

macrophages and neutrophils was compared after stimulation
with phorbol myristate acetate, opsonized zymosan, or B.
abortus opsonized with autologous, reactor, or fetal bovine
serum.

Neutrophils responded faster to all stimuli, and

produced up to 100 fold more oxidant than monocyte-derived
macrophages.

PMA was the only stimulant causing a

significant increase in oxidant production from monocytederived macrophages.

Neutrophils and monocyte-derived

macrophages stimulated with PMA, opsonized zymosan, and
reactor serum-opsonized £. abortus had higher mean oxidant
production than cells exposed to the other stimuli,
suggesting that the resulting oxidative burst associated
with the interaction of cell and bacteria may be due to
membrane perturbation or receptor binding.

There was no

correlation between oxidant production and intracellular
survival of the bacteria.

Therefore, measurement of oxidant

production may not be a suitable assay to predict killing of
B. abortus by monocyte-derived macrophages.
Four cows produced amounts of oxidant greater than 2 sd
from the mean.

A correlation of these functional activities

from individual cattle with their susceptibility to
challenge by B. abortus may reveal a relationship of innate
resistance to macrophage function or serum killing.
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